this has not been assessed. There was clicking and tenderness of the joint. X-ray examination showed retro-position of the condyle on the affected side. Hydrocortisone was first tried and 1 c.c. was injected; this produced soreness for two days, and then relief of symptoms for one week, although clicking continued. Symptoms then recurred. A second and third injection were much less effective. A stellate ganglion block was then performed and immediately after there was relief of symptoms, and she was able to eat an apple painlessly. Relief has so far lasted fourteen days although clicking is still present. This case illustrates some of the complex factors which may be present, and it would be unwise to overemphasize the effect of the stellate ganglion block in a single case.
Since the beginning of the century, very little new has been found out about the function of muscles in the intact human body or the ways of improving it, probably because analogous conditions cannot be reproduced in other animals, which have been the "subjects" in the majority of the studies of muscular activity. One of the few well-established facts is that the performance of muscles can be improved by systematic voluntary exercise, although no agreement has been reached regarding the most effective way in which this can be achieved or the underlying structural and functional changes that occur. No doubt because of this, there is no generally accepted method of muscle training, but the number of routines that have been described, and the range of instruments that have been devised, bear witness to the extent of the determination of the workers in this field. Sooner or later the scientific basis of our methods must be examined, if only to avoid the possible retarding influences of general impressions and theoretical approaches.
In discussing the subject of muscle training, we should define the various expressions of muscular contraction and the part each plays in the functional activity of the locomotor system; indicate the functional and morphological changes that occur in the exercised muscles and in the nervous system; decide the immediate objectives of exercise and review the types of exercise that can be used and the ways in which they can be carried out.
Expressions of muscular activity.-The characteristic property of skeletal muscle when stimulated by nervous impulses is that of contraction with the production of mechanical energy. The tension derived from this mechanical energy will manifest itself in various ways depending on, for example, the external conditions, the local state of the muscle and the activity of the nervous system.
The activity of muscle may be expressed as strength, endurance, speed and co-ordination of movement. Although divided in this way for the purposes of discussion, it is evident that each is related to the other to a varying extent under normal functional conditions.
The strength of a muscle has assumed various meanings but here we shall define it as the maximum applied tension that can be developed, instantaneously on a single occasion, to overcome or attempt to overcome an imposed load or resistance. It will depend on the potential tension of the particular muscle at "the disposal of the nervous system", and the greatest proportion of this that can be called into action at any one time, which is. essentially the definition proposed by Hansen and Lindhard (1923) . It will also be influenced by the degree and co-ordination of activity of other muscles in functional relationship with it, that is, the synergists, antagonists and fixators.
Endurance is a function of the capacity of a muscle to maintain or repeatedly develop a. certain degree of tension. This can either be a fixed proportion of the maximum strength of any particular muscle group or a standard level irrespective of this maximum. Failure to distinguish between these two criteria may cause confusion in considering other factors. affecting endurance. For instance, a strong person may be able to maintain the same level of tension for a longer period than a weaker one, but be unable to maintain for as long the same proportion of their maximum strength. This is indicated by the results of Tuttle et al. (1950) on the relation of maximum grip strength to grip endurance.
The speed is related to the rate of increase in tension, the resistance to be overcome, the number of times the muscle has to contract and the range through which its contraction moves a joint. In general, the greater the length of a muscle and the lighter the load, the faster it can shorten. As the speed is not constant but rising to a peak and then falling off, one should probably record it in terms of the maximum attainable.
Co-ordination is the ability of muscles to act with each other in the correct sequence, at the proper speed and with the appropriate tension.
Although these qualities are related, the possibility that the restoration of normal function demands exercises in which all are equally involved or in which one or other predominates. should be considered before embarking on any training routine. For instance, a method may improve one aspect of muscular activity but at the same time adversely affect another. It is possible, for example, that certain strength-promoting techniques may reduce speed of movement. It has been recommended that different methods should be used to produce the desired result. For example, it is said that an increase in strength is favoured by heavy resistance exercise, endurance by rapidly repeated contractions and co-ordination by light muscular work (Elkins and Wakim, 1947; Delorme and Watkins, 1948; Asmussen, 1949; Wakim, 1950; Lundervold, 1952; Knapp, 1953) . It is also stated that different types of exercise induce different changes in the muscle. For instance, exercises of strength are said to cause hypertrophy and those of endurance an increase in the capillary bed (Wakim, 1950) .
Changes in response to exercise.-However, before we can design and prescribe exercise, or any other treatment, to improve muscle function on a more rational basis, we should attempt to determine the underlying changes that occur in the neuro-muscular system in response to exercise; changes which are, as yet, not fully understood. Modifications in structure and function may occur at various levels; which, for the present purpose, will be divided into those occurring in the muscle, increasing the potential tension available, and those in the nervous system, allowing the best use to be made of this potential. Various akspects of these effects of exercise have been reviewed by Steinhaus (1933) .
Muscle changes: The size of normal muscles can be increased as the result of repeated exercise. This has been reported in animals (Morpurgo, 1897; Siebert, 1928) and in man (Hellebrandt et al., 1947; Delorme et al., 1952; McMorris and Elkins, 1954) . This is not due to an increase in the number of the constituent fibres (Siebert, 1928) but to an increase in the diameter of the individual fibres (Morpurgo, 1897; Schneider and Karpovich, 1948) . This is interpreted as indicating that each contains a larger amount of sarcoplasm (Elkins and Wakim, 1947) although it might equally well be accounted for by shortening of the fibres without any change in volume. Even if there is an increase in the volume of a muscle, it does not necessarily imply that the muscle tissue is wholly or even partly responsible. It may be caused, or at least contributed to, by additional connective tissue (Wakim, 1950; Anderson, 1951) or blood vessels (Petren et al., 1936) . Temporary swelling that occurs immediately following activity (Hough, 1902; Starkweather, 1913) may be ascribed to an increased amount of intramuscular fluid resulting from an accumulation of the metabolites of the chemical processes accompanying contraction. Indirect evidence for this is provided by the fact that the volume returns to normal within a few hours (Hough, 1902) .
Assuming that hypertrophy of normal muscle fibres does take place, the processes concerned may not be the same as those involved in the regaining of normal size of fibres which have atrophied as the result of disuse or denervation. Presumably, there must be some factor or factors which control the ultimate size. These might include mechanical conditions, suchas' limitation of space for expansion, or nutritional demands, which may be related to the adequacy of the blood supply. Thus, for example, degeneration of some of the muscle fibres might give more space to those remaining to hypertrophy providing they receive sufficient nourishment.
Though the size of muscle fibres may be increased by appropriate exercises, we still do not know how much this contributes to improvement in muscle strength. It is commonly stated that the larger the diameter, the greater the tension that a muscle fibre can develop.
However, in an intact muscle, this relationship is difficult to determine. Various attempts have been made to express it in terms of the maximum tension per square centimetre of the physiological cross-sectional area-that is the area when every fibre is transected at right angles to its own long axis-which is a function of the diameter of the fibres and their number. This has led to widely divergent results, owing to the difficulties that have to be overcome and the assumptions that have to be made. The maximum tension has been measured with the joint on which the muscle is acting, in different positions-so that the length of the muscle varies as does its leverage. It is assumed that the result obtained is the sum of the activity of all muscle fibres-a state of affairs that never exists normally. Furthermore, the difficulties of calculating the physiological cross-sectional area with any accuracy, in muscles in which fibres are running in various directions, and of estimating the area to allow for non-muscular tissue, are immense.
It seems fair to conclude from these considerations that muscle bulk is not a reliable criterion of strength. In fact it has been stated that exercised muscles can increase in size but not in strength and vice versa (MacQueen, 1954) .
Apart from possible changes in use, there may be variations in the intimate structure of the muscle fibre, which may or may not affect its function. It is also conceivable that the arrangement of the muscle fibres within the muscle may alter, becoming re-aligned so that the pull of each is less oblique, resulting perhaps in an increased applied tension during contraction.
It has also been suggested from the results of animal experiments, that repeated exercise produces certain biochemical changes in the muscle fibres (Palladin, 1945) , such as an increase in myoglobin (Whipple, 1926; Lawrie, 1953) and glycogen content (Embden and Habs, 1926) . Such modifications might provide the basis of a better store of fuel and oxygen to be drawn on, particularly during a sustained contraction, and in that way improve endurance.
An increase in the intramuscular capillary network is reported as occurring in animals (Vanotti and Magiday, 1934; Petren et al., 1936) , which provides the exercised muscle with an improved supply of raw material and a better disposal of waste products. The formation of new capillaries, opening-up of hitherto unused capillaries and a better use of the available channels have been considered important adaptive reactions in trained human muscles (Maison and Broeker, 1941; Jokl, 1948) . Although this seems to be a reasonable supposition, there appears to be no direct evidence of it in man.
The fibrous tissue framework of the muscle may also undergo changes. If a muscle is continuously worked under conditions conducive to the formation of intramuscular oedema, deposition of further fibrous tissue may occur, which might interfere with the contraction of the muscle fibres (Anderson, 1951) . An increase in fibrous tissue is said to be found particularly in those muscles subjected to exercise of a "heavy nature" (Wakim, 1950) . Neuro-muscular adaptations: Apart from the structural and biochemical changes, there are probably much more important neuro-muscular adaptations, which result in the elimination of unnecessary muscular activity and an increased use of the muscular tissue of direct value to the task (Lundervold, 1951) .
During the initial phase of any training procedure, improvement may be partly accounted for by the acquisition of skill. The patient learns how to perform the prescribed task, contracting the proper muscles in the correct sequence and at the same timre reducing nonproductive activity so that more of the available effort can be directed to the "job in hand".
As a result of training, there is also probably, with the same voluntary effort, an increase in the number of muscle fibres contracting, with a correspondingly greater output. How this is achieved is still a matter for speculation, although as early as 1907 Hellsten concluded that improvement in muscle strength following exercise was due to an increase in "the intensity of muscle innervation".
The increased activity may be explained by the increased use of those muscle fibres normally involved and by the recruitment of others. If this is so, a greater number of effective nerve impulses must excite more muscle fibres than previously. This could be explained on the basis that the anterior horn cells themselves receive more impulses, the resistance to their passage across the synapse and the neuro-muscular junction is reduced and that a greater number of anterior horn cells are stimulated.
If training is accompanied by an increase in the number of active motor units, what were the extra units doing before? It is hard to believe that some motor neurones and their associated muscle fibres were lying dormant and being held in store in case of need, as has been suggested (Gould and Dye, 1932; Kabat and Knott, 1953) . A more satisfactory explanation seems to be provided by the work of Seyffarth (1941) and Denny-Brown (1949) . They have shown that motor units become active in a definite sequence and, in muscles that have more than one function, the sequence of recruitment varies with the different movements produced. For example, in biceps brachii, there are separate groups of motor units initiating flexion, supination and combined supination and flexion, but as the contraction increases, motor units involved primarily in one movement are used in the others. For instance, during flexion, certain motor units only appear at a very high tension, whereas the same units go into action on the slightest degree of tension during supination. The spread of motor unit activity may be explained on the assumption that at the beginning of contraction, one limited field of neurones is excited and as contraction increases this field widens concentrically. If a muscle is capable of producing more than one movement, there may be a separate centre of neuronal activity for each one but with the related fields of neurones overlapping. Thus, as the contraction is developed, activity spreads farther from the initial focus into neighbouring fields with the excitation of neurons primarily concerned in other movements by the same muscle and of those of associated muscles. Sharrard (1955) has demonstrated the overlapping pattern of neurons in the anterior horns innervating functionally related muscles which provide the anatomical basis for such a concept. As the result of training, one may suggest that the "irradiation" occurs more readily and is more extensive.
Changes bringing about the increase in intensity and spread of motor unit activity may occur at different levels of the nervous system receiving impulses from widely different sources. There can be no doubt that afferent information from the muscles, and possibly other peripheral sources, is of importance in the control of muscular contraction. It is well known experimentally that damage to the posterior roots adversely affects muscular activity (Mott and Sherrington, 1895; Hyde and Gellhorn, 1949; Lassek, 1953) . It is possible that stimuli originating in the periphery are of even greater importance in training. As far as the muscles themselves are concerned, it has been shown that their mechanical response is increased by the tension they develop and the degree to which they are stretched, this being attributed to reflex proprioceptive "drive" or "facilitation" (Beritoff, 1924; Gellhorn, 1953) . If such reflex stimulation does occur, the receptors which are responsible should be defined. Although the neuro-muscular spindles have a low threshold and when stimulated do cause reflex contraction of associated muscle fibres, they adapt very rapidly and are only affected by stretch (Matthews, 1933; Kuffler et a!., 1951) . It, therefore, would seem unlikely that they would assist in a sustained contraction of a muscle remaining at the same length or shortening. However, Merton (1953) has proposed that when a muscle contracts the intrafusal fibres of the neuro-muscular spindles shorten at the same rate as the main muscle. As the spindle is probably stimulated by the relative difference between its length and that of the main muscle fibres lying in parallel with it, a spindle discharge may thus be maintained. It has also been submitted (Granit et al., 1955 ) that impulses from the higher centres, as well as passing to the larger anterior horn cells and being relayed from there to the muscle causing a contraction, also travel to the smaller anterior horn cells producing instead a contraction of the intrafusal fibres of the neuromuscular spindles, which, although giving rise to a negligible tension, is sufficient to activate the associated afferent receptors and to elicit through the stretch reflex arc a contraction of the main part of the muscle. Thus one can picture the self-stimulating system of muscle being augmented by supraspinal impulses raising the level of excitation of the anterior horn cell either directly, or indirectly, through stimulation of the receptors.
The number of these descending impulses will depend on the motivation and concentration of the patient. However, the general level of excitation of the higher centres may be increased by impulses originating in the active muscles (Gellhorn, 1953) , which is in accord with the concept that sensation and movement form a single continuous process and that the activity of the motor cortex depends on information received from the receptors (Walshe, 1947; Gooddy, 1949) . Bates (1951) has, in fact, recorded potential changes in the region of the motor cortex during muscular contraction which has been interpreted as representing the arrival of afferent impulses from the periphery, and Dawson (1947) has found changes in the EEG on stimulating a peripheral nerve in man, which has been considered due to the proprioceptive impulses evoked. Thus, it seems fair to assume that muscle activity also reinforces itself by its stimulating effect on the motor cortex and probably other motor centres of the brain. It is possible that the effect is not confined to the same muscles but is distributed over a wider area. For instance, cortical "facilitation" may explain the increase in amplitude of the knee-jerk when the hands are clenched at the same time (Bowditch and Warren, 1890) .
Besides an increased number of impulses passing along the descending pathways, repeated contractions may result in other pathways being "opened up" so that there are more available channels along which impulses can travel to the anterior horn cells innervating the active muscles. Such a formation of collateral routes would be of importance in cases in which the usual ones have been interrupted.
Thus one can envisage that muscular contraction once initiated sets up a circle of events which may be traced from an increased frequency of stimulation of a greater number of proprioceptive receptors, to the impulses which arise stimulating more intensely a larger number of anterior horn cells, either directly or indirectly through their effect on the higher centres, to an increased rate of contraction of muscle fibres in more motor units. The repetitive barrage of impulses circulating around the neuro-muscular system, besides facilitating synaptic and neuro-muscular transmission, may also, if repeated often enough, reduce resistance to the relay of the impulses at these junctions, thus allowing more to pass from one link in the neuro-muscular chain to the next. This is indirectly supported by the fact that repeated electrical stimulation of the proximal end of a posterior root results in an increased reflex muscular contraction (Eccles and McIntyre, 1953) . The final result may depend to some extent on the anatomical nature of the various synapses, that is, the differences in the intimacy of contact of one neurone with another, their excitability and the number involved. For instance, one would expect the stretch reflex to be readily affected because there are only two neurones in the arc, which are in close synaptic contact, and the anterior horn cell has a high level of excitability; whereas reflex arcs including internuncial neurones would be less susceptible.
So far we have only considered the positive nervous mechanisms involved in muscular contraction but the possible "interfering" role of inhibitory influences of the nervous system cannot be overlooked because inhibition is just as much a part of its function as excitation. Therefore an improvement in muscle function, brought about by training, may also be due to a reduction in inhibitory impulses, originating in the periphery or passing down from higher centres, impinging on the anterior horn cells. Apart from the more conscious inhibitions, such as the unwillingness to contract a muscle because of pain or the fear of producing it, contraction may be restrained by impulses arising from the neurotendinous spindles (Granit, 1950) . These endings are sensitive to tension whether induced passively by stretch or actively by the contraction of the muscle, but they have a high threshold and may form part of a protective reflex mechanism preventing excessive stretching or contraction of the muscle, rather than entering into the control of muscular activity which is within normal limits. However, there is evidence that autogenous reflex inhibition may occur. It has been shown, for example, that beyond a certain level of tension the more or less regular increase in the frequency of discharge of active motor units and the recruitment of those previously inactive is replaced by a more irregular and intermittent pattern marked by the appearance of larger slowly discharging motor units and by the previously rhythmically contracting motor units tending to discharge in bursts separated by periods of inactivity (Norris and Gasteiger, 1955) . It is postulated that this radical change with stronger effort is caused by the activity of the larger motor units exerting in some way an inhibitory influence at an undetermined level of the central nervous system. There is also accumulating evidence of the existence and importance of the inhibitory part of the extra-pyramidal system (Magoun, 1950) . However, the functional organization of this system and its precise relationship to muscular activity is largely unknown. In spite of this, it is tempting to suggest that part of the neuro-muscular adaptations that occur as the result of training is a reduction in its effect on the anterior horn cells during contraction.
Having outlined some of the changes in the neuro-muscular system that occur as a response to exercise and their possible basis, one must conclude that the changes that occur in the nervous system are of prime importance and that those in the muscles are secondary to these. Furthermore, although the neural components being numerous and interconnected in a complex manner render them more prone to interference, it does on the other hand provide a basis for plasticity so that, if appropriately stimulated, compensation can be made for any permanent breaks in the nervous network by developing alternative routes. Training can be visualized as a method of increasing the use of the normal pathways and producing new ones.
The purpose of therapeutic exercise.-The main uses of exercise are to restore or improve muscle function so that the patient can carry out his ordinary tasks, by maintaining the activity of the unaffected muscles, increasing that of those affected and, if necessary, the recruitment of other muscles to assist or take over the function of those affected. The object is to ensure as far as possible the recovery of function rather than to restore normal morphology. It may be preferable, for instance, to re-establish muscle balance even though the strength of some of the muscles concerned is below normal or to encourage compensatory or "trick" movements when the prime movers cannot carry out their work effectively. It is probable that, in general, these aims can be best achieved by prescribing exercises that are designed to produce maximum activity of the involved muscles and to maintain or restore their blood supply rather than to concentrate on the development of muscle bulk or strength.
The types and techniques of exercise.-Even if one is satisfied with these aims, the general principles of the type of exercise required to bring them about are not fully known. There are many variables that should be considered. Amongst these are the extent and pattern of the muscular activity that is imposed. Should the object be to concentrate on isolated muscle groups, small groups of muscles involved in simple movements, or on mass movements? Should the pattern resemble that occurring normally or can the affected muscles be exercised in another way? Apart from the advantage of practising what one wishes to acquire, a normal pattern is easier to learn than those requiring new or even unnatural associations or sequence of the contractions. Furthermore, if the latter are carried out, ultimate functional recovery may be delayed by inhibiting the normal habit (Griffiths, 1943) , although natural co-ordination can eventually be re-established (Bair, 1903; Weiss and Brown, 1941; Buchthal, 1949) . Another question is whether or not the exercise routine should attempt to retrace the development of the movement it is wished to regain. As the result of injury or disease, the most recently acquired movements are often the soonest lost and the last to return (Jackson, 1931-2) . An example of this is the "reversion" from the "ball" grip, which involves opposition of the thumb, to the cylinder grip following substantial injury to the hand or forearm (Griffiths, 1943) . In such a case, would recovery be more rapid if initially the exercises were directed at improving the cylinder grip before attempting to restore the ball grip by active participation of the thumb? Other examples have been given by Hansson (1950) . Another variable is whether the contraction should be isometric or isotonic. Isometric contractions are not often favoured possibly because they are found boring (lonesco, 1949) or because improvement is not immediately obvious (Asmussen, 1949) . On the other hand, they have been recommended in the treatment of partially paralysed muscles to minimize the friction that might occur between active and inactive parts and the possibility of this causing further damage to the muscle (Lundervold and Seyffarth, 1942) . They may also have a place when movement is contra-indicated, for example, because of pain or following joint operations. There is no clear evidence as to which form of contraction is associated with the highest degree of muscle activity or which gives the greater speed or degree of recovery. Eccles (1944) on the basis of animal experiments concludes that, from the practical aspect of treatment, disuse atrophy is best counteracted by allowing muscles to shorten during their contraction and that strong voluntary contractions without movemrent are reasonably effective in maintaining the condition of the muscle. Darcus and Salter (1955) found no significant difference in their effect on the increase in strength of normal muscles. A comparative study on weakened muscles does not appear to have been made. If isometric contractions are used, they can be effected by the muscles either attempting to shorten as in trying to compress a heavy spring or by resisting lengthening as in holding a weight. Whether or not the mechanical response of the muscles is the same under the two conditions is not known.
Another factor is the position of the joint in which the muscle group should be exercised.
It is well known that the contractile force increases as the muscle is stretched to the maximum length that it can attain in the body (Ralston et al., 1947) , and it has been shown in the monkey that, in this state, the muscular activity resulting from cortical stimulation is greatest (Gellhorn, , 1953 but, in this position, the applied force that can be developed is often small because of the mechanical disadvantage (Darcus, 1954) . Should one, therefore, exercise the muscles in the joint position which favours the production of the greatest muscular activity, or the one in which the applied force is maximum, should they not coincide? The latter has the probable advantage of being the one that is instinctively adopted when maximum exertion is required and in weakened muscles perhaps the only position in which the patient can see anything for his efforts, although it seems to go counter to the idea that the stretched position is desirable because of the increased reflex stimulation. If isotonic contractions are used, the variables include the range of movement required and, if this is less than the total, the part of it to be passed through.
Whichever type of contraction is decided upon, other factors to be considered are whether the contraction should be the maximum possible or some proportion of it, the rate at which it is developed, the duration of each, the rate of repetition, the length of the exercise period and their number and placement during the day. Most routines are based on an ergographic technique in which the subject is required to repeat submaximal isotonic contractions in rapid succession. Initially, in such a procedure, the muscular activity is below the maximum that can be voluntarily induced, but as the exercise is continued more and more of the muscle is contracted in order to maintain the work output (Knowlton et al., 1951; Lundervold, 1951) . If, as has been suggested, maximum activity is required, this seems a time-consuming way of producing it. However, even when a maximum contraction is the primary aim, it is probably not achieved either because the patient does not know how to make a maximum effort, because of fear of causing pain or damage to an injured limb, or because of the unwillingness of the patient to endure the discomfort that a maximum exertion may cause, and there appears to be no simple way in which one can check on the level reached.
The general plan of treatment will also depend on whether or not "fatigue" should be allowed. Many views have been expressed on this problem from those who believe that fatigue should be avoided at all costs to those who consider its production to be an essential part of the exercise. The issue is further clouded by what precisely is meant by "fatigue". Whatever may be the correct answer, it is reasonable to suppose that the "dosage" of the exercise prescribed should not be subjectively unpleasant or produce residual effects such as muscle stiffness or soreness, which might deter the patient from carrying out the exercise on a subsequent occasion.
The techniques for providing and measuring the effects of exercise are numerous. Apart from gravity and manual resistance, there are many devices, usually incorporating springs and weights, to produce the load against which the muscles have to work (Salter, 1955) . The optimum routine and apparatus will depend on what the muscles are expected to achieve and how they are expected to do this. We can only evaluate methods when we use criteria that will allow us to judge the effects of different methods on the various aspects of muscle function.
Evaluation.-In the evaluation, we can either measure the external effects of muscular contraction or the changes which have been produced in the structure and function of the muscles. Of the external effects, we may assess the general or local functional state by testing the ability to carry out a normal task, such as walking or hand grip, or measure the various component expressions of muscular activity, such as strength, endurance, speed of movement and co-ordination. Of the changes that may occur in the exercised muscles, we might attempt to measure muscle bulk and to determine the cause of any alterations, the degree of muscular activity and the blood supply of the muscle. In many of these measurements, there may be considerable incidental variations in any one subject on different occasions, apart from those produced by the exercise, for which various explanations have been put forward (Lombard, 1892; Fischer, 1947; Weinland, 1947) . Some idea of the magnitude of these variations may be gained from the finding of Bechtol (1954) that handgrip strength of any individual may fluctuate up to 30% during a day and about 10% from day to day. The necessity for rigid control of environmental, physiological and psychological factors in this type of investigation has been emphasized by Taylor and Brozek (1944) , but, however careful one is, unanticipated variables may creep in which may account for any of the changes observed.
If we can obtain reliable data on the effect of training, with what can we compare them in order to gain some idea of its extent? As, under clinical conditions there will probably be no "normal baseline" measurements, we might compare measurements taken before and after the exercise of the same muscle group or of the corresponding group on the opposite side of the body, if we can assume this to be normal and unaffected by the exercise. A comparison with information collected from other sources is difficult, because of the differences in the methods used and obvious individual variations.
Conclusions.-It appears from a review of the work that has been carried out on muscle re-education, and in allied fields, that it is still only possible to hypothesize as to the optimum method of improving muscle function and it seems that perhaps too much emphasis has been placed on muscle strength and not enough on other aspects of muscle activity or muscle function as a whole. There are still many unsolved problems. For instance, we need to find out more precisely the changes that occur in the neuro-muscular system with exercise, by what methods these can be brought about and their relationship to functional recovery. It seems necessary that an integrated attack should be made on these problems with the aim of formulating the best methods of restoring muscle function. to pit his muscle against a calibrated spring balance-or to lift a heavy weight. It is not surprising, therefore, that we know most about this type of strength and its development.
To develop this "crude strength", we use exercises against very strong resistance. The patient has a period of warming-up first. Then he contracts his muscle against the greatest resistance that can be overcome ten to thirty times at a session. This procedure is repeated three to five times a week. Careful record is kept of the resistance used and this is increased according to the progress made.
Dr. Darcus has discussed some problems related-to such methods. I shall mention only one which we have studied-and that with a negative result. We wanted to know whether it mattered where in the joint range the maximum resistance was applied.
First we developed an apparatus for measuring the strength of the quadriceps in different positions of the knee-joint. This showed that the force with which the knee can be extended is two or three times as great when the knee is bent to a right angle as when it is nearly fully extended. By contrast, when a patient does exercises by lifting a weight attached to his foot, the resistance reaches a peak as full extension is approached. This means that the load is greatest at the point where the extensor apparatus is least efficient. In fact, in such exercises, the muscle is required to do no serious work except in the last 20 degrees of extension. Is this right? What if the patient needs greater strength when the knee is bent-for climbing stairs or getting out of a chair? To answer this problem, we developed an apparatus by which resistance could be applied at any point in the range, or proportionate to the patient's ability throughout the range. Armed with this apparatus, we measured theforce of extension in different positions in 100 normal and 400 abnormal conditions. We also treated 80 patients on this apparatus, making weekly sets of measurements of their strength in 5 different positions.
As a result we reached two conclusions: the first that when the quadriceps is weak in one position it is proportionately weak throughout the range-unless pain inhibits contraction in a particular position, or there is "lag" after a patellectomy; the second conclusion was that when giving resistance exercises the position at which the maximum resistance is applied is not important unless the joint is painful. I feel that this is an essential basic principle which must be established or disproved by further work. We may, however, question two common practices. One is to give exercises with maximum resistance in the extended position even when this is the most painful part of the joint range. The other is to insist on a similar type of exercise when the patient is too weak to straighten the leg against the force of gravity. This involves a cumbersome method of laying the patient on his side with the leg suspended by slings-a most unnatural attitude. Surely under either of these circumstances it is better to choose a different range in which to apply the resistance.
The simplest answer to our problem, then, is that "crude strength" is developed by strong, resisted exercises; these may be static or dynamic; and the maximum resistance may be applied in any position.
Unfortunately there are many exceptions to these basic principles and they can seldom be applied without some modification.
Strength with a painful joint.-The presence of a painful joint has a profound effect on the problem. This is a distinction which deserves emphasis.
We now introduce the most important principle: that the joint condition should not be made worse. This affects all three principles outlined for developing "crude strength".
Firstly, it is unwise to apply maximum resistance. The resistance must be less; and this poses a new problem best illustrated by an example. A man with a weak quadriceps and a normal knee may be given a 20 lb. weight to lift twenty times each day. If the knee then becomes painful he may be able to lift only 10 lb. because pain inhibits muscle contraction. But the muscle itself is not changed and as far as it is concerned 10 lb. is a small weight. Should then this smaller weight be lifted more often-50-100 times a day-or better still 10 times every hour throughout the day? Probably this is so but we need more evidence to prove it.
Secondly, if the joint is very painful, there is no question about it-the exercises must be static and not dynamic. Even when the joint is less painful static exercises are usually preferred.
Lastly, the position in which the resistance is applied is important. The amount of pain varies in different positions and is usually most at the extremes of joint range. Such pain strongly inhibits voluntary contractions; consequently the maximum resistance is best applied in the least painful position-usually in the middle range. Of course, the position may also be determined by other medical or surgical considerations. This last principle is best illustrated by an exaggeration of the problem. If the last few degrees of extension of a rheumatoid knee are obtained only with pain and difficulty, quadriceps contraction in this position will be weak. One can either say: "the muscle is weak in this position; we will exercise it in this position and thereby restore full active extension"; or one can say "the problem here is principally in the joint which we will treat. We will also strengthen the muscle in the middle range where voluntary contraction is not inhibited by pain". I think that the latter view is correct. Strength during function.-So far we have considered the sort of strength that can be measured by a dynamometer under experimental conditions. Often, however, we armuch more interested in the performance of activities requiring strength than in strength as an isolated phenomenon. Admittedly this brings in many other factors such as coordination, or speed of reaction but, in fact, these functions cannot be separated.
Consider the subtle blends of strength and other muscle functions involved in athletic training. Most international runners now do some weight training-meaning the rhythmical use of relatively light weights-but weight-lifting and heavy resistance work is usually discouraged in the belief that it may "slow down the reflexes". Shot putters combine weight lifting, strong functional activity, and speed of action as provided by sprinting. Weight lifters do some highly specialized weight work but also add a lot of general functional exercises. All would agree, however, that the most important parts of the training are running for the runners; shot putting for shot putters; and weight lifting for the weight lifters. In other words it all depends what you want your muscles for. This serves to introduce yet another set of problems and basic principles. Firstly we have muscle education and re-education. In poliomyelitis during the early recovery period it is common for a muscle to be dropped from the normal pattern of functional activity because it is weak. This neglect may persist into the late stages despite good recovery of the muscle. Continuing to walk with a straight knee because the quadriceps used to be weak is a good example. Full restoration of strength in such muscles is primarily a matter of re-education so that they are used again in everyday activities. It is not enough that a muscle should be able to contract on the physiotherapy plinth. Its use in walking, running and working should become automatic-and it is one of the major aims of remedial exercises and occupational therapy to see that this is achieved. How many of us have heard a patient say "But, Doctor, I only do it that way during my exercises" ? Secondly, we must have strong, dynamic exercises of functional significance. This means realistic gym work and occupational therapy. Because a complicated learning process is involved these exercises must be done repeatedly-not just a small number of times as for crude strength.
Lastly, on some occasions the exercises must be specific. The man learning to put the shot became good at putting the shot and not necessarily at throwing the discus or the javelin. In the same way, if weakness causes difficulty when climbing stairs or getting out of a wheelchair one of the best answers is repeated practice in climbing stairs and getting out of wheelchairs. This introduces "skill". Unfortunately its physiological basis is obscure, but it is still an essential part of full function which we must use at every opportunity.
Motivation.-We are all familiar with the major psychological obstacles that prevent patients from doing their exercises effectively: the man suing for compensation; the man who fears that his fracture site will give way; and the old lady who would rather stay in bed-but what about the "normal" man who has no such obvious problems. With a prolonged illness it is inevitable that everyone undergoes days of depression and defeatism; when he thinks "why should I ride this ... bicycle, I'd rather be paralysed". Certainly many intelligent and reasonable patients have described resisted exercises with the deLorme boot as being extremely boring. They admit that they lie and cheat in a most atrocious way to avoid completing them.
At one end of the scale there is the man who has a short illness and every incentive to recover. He can be given an exercise regime that is scientifically correct. At the other end of the scale apathy and resentment may make specific exercises useless. In between these two extremes lie the majority for whom many modifications are necessary to provide greater motivation. This is done by varying the exercises; by making them have a functional significance; by group exercises; and by occupational therapy. Three outstanding factors remain. They are all well known but are so important that they must be mentioned. These are: therapists who are enthusiastic but understanding; an optimistic atmosphere throughout the department; and a doctor who deals with his patients' fears and social problems as well as their paralysis. There is nothing better than renewed confidence for restoring a man's strength-unless perhaps it is a successful compensation claim.
